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Variation in genome size (GS) has been linked to several facets of the plant phenotype. Recently it was shown that GS is signiﬁcantly 
correlated with cell size and the duration of the cell cycle. Here we test the hypothesis that GS might also be a predictor of apical root 
meristem growth rate (RMGR). We studied eight species of eudicots with varying GS using time-lapse microscopic image analysis. 
A signiﬁcant negative exponential relationship was observed between GS and RMGR. Our results show signiﬁcantly decreased 
RMGR for large genome species. This relationship represents a signiﬁcant consequence of GS expansion in plants and may partly 
explain why genome sizes tend to be small in eudicots. Interestingly, parasitic plants, which do not rely on root growth as much, 
often have large genomes. 
1. Introduction the independent variables in (1) can be measured using time-
lapse microscopic image analysis [12, 13]. We measured root 
Genome size (GS) varies by three orders of magnitude in kinematics for seven replicates of eight eudicot species with 
plants [1, 2]. Correlations between GS and several facets varying GS to test the hypothesis that GS is a predictor of 
of the phenotype and life history of plants have been RMGR (Table 1). Assuming that the number of initial cells 
documented [3, 4]. The strongest relationships are found remains fairly constant between species, variation in RMGR 
at the cellular level. For example, GS is positively correlated could be caused by variation in the rates of cell division (R)
with cell size [5, 6]. In addition, Francis et al. [7] found  a  and/or the elongation rate of these cells (ΔL/ΔT). Variation 
consistent positive relationship between GS and the duration in cell division rate would lead to an exponential relationship 
of the cell cycle, which conﬁrmed earlier observations by between genome size and RMGR; variation in cell elongation 
Bennett [8, 9]. Here we test the hypothesis that GS may rate would lead to a linear relationship. Therefore, we tested 
be a predictor of meristem growth. We chose to study both exponential and linear models. 
root meristem because it is relatively easy to model and 
quantify along a single primary axis. Others have observed 
correlations between the relative growth rate and genome 2. Methods 
size [4, 10, 11],  but none have looked speciﬁcally  at  growth  
dynamics (kinematics) in the root meristem. 2.1. Seed Preparation and Incubation. We measured 
Apical root meristem growth rate (RMGR) can be root growth velocity for eight species (Table 1). All 
modeled with the following equation: seeds were obtained from Botanical Interests, Inc. 
(http://www.botanicalinterests.com/). Seeds were sterilized 
ΔL in 6% HCl bleach then rinsed in deionized water. Two seeds 
N (R ΔT)RMGR = ,  (1)  of like species were placed on a 100 × 15 mm sterile agar ΔT 
plate. Our agar contained 0.6% (m/v) Phytagel (Sigma­
where RMGR is a function of the number of initial cells (N), Aldrich, USA) medium containing 0.4% (v/v) nutrient 
the division rate of these cells (R), the time it takes for a point solution (7-9-5 Liquid Grow, Dyna-Gro, San Francisco, 
to pass through the elongation zone (ΔT), and the change CA). The medium was buﬀered to a pH of 5.8 with 0.05% 
in length of a cell (ΔL) over the change in time (ΔT). All of (m/v) MES. Plates were wrapped with paraﬁlm which 
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Table 1: Genome size, elongation zone length, and root tip velocity for eight species of eudicots. Data are the means ± SE of at least seven 
replicates. 
Species 
Genome size 
(1C-value - Gbp) 
Elongation zone length 
(μm) 
RMGR 
(μm min−1) 
Citrullus vulgaris 0.45 2010 ± 316 6.29 ± 1.01 
Cucurbita pepo 0.55 2426 ± 354 7.06 ± 0.99 
Brassica rapa 0.80 786 ± 41 4.96 ± 0.42 
Lycopersicon esculentum 1.01 953 ± 48 5.37 ± 0.41 
Cosmos bipinnatus 1.52 108 ± 101 4.60 ± 0.79 
Cosmos sulphureus 2.94 937 ± 79 4.02 ± 0.42 
Capsicum annuum 3.92 1196 ± 120 2.89 ± 0.26 
Capsicum frutescens 5.88 871 ± 63 2.17 ± 0.19 
was then perforated to allow gas exchange. Seeds were 
incubated inside a growth chamber (CMP4030 incubator, 
Conviron, Winnipeg, Canada) at a 45◦ angle under 24-hour 
full  light at 25◦C. Genome sizes for the species we studied 
were obtained from the plant DNA C-values database 
(http://data.kew.org/cvalues/). 
2.2. Determining Root Kinematics. We collected microscopic 
images of roots using a Nikon compound microscope (Nikon 
Optiphot-2, Nikon, Tokyo, Japan) ﬁtted with a 10/0.30 
objective (Nikon Plan, Nikon, Tokyo, Japan) and a digital 
camera (QICAM-IR, Q-Imaging, Surrey, Canada). Stacks of 
nine images were taken along the length of the root using a 
constant interval of 20 to 120 seconds between frames. Each 
root was assayed between 2 and 14 days after germination. 
Each plate with a viable root was removed from the incubator 
and positioned with the root ﬂush to the superior side. 
Graphite particles were sprinkled along the length of the 
root using a small paintbrush. These particles were used to 
produce a background image for each image stack to give a 
reference for splicing the image stacks together. 
We used RootﬂowRT [13], developed by 
Tobias Baskin and colleagues, to determine root 
kinematics from these image stacks (version 2.8, 
University of Massachusetts-Amherst, available at 
http://www.bio.umass.edu/biology/baskin/). RootﬂowRT 
uses dynamic high contrast image stacks and static 
background images to create a linear velocity proﬁle of a 
root. The program determines velocity at various positions 
by tracking pixels moving along a mapped pathway. 
The image stacks are ﬁrst converted to.tif format using 
IrfanView (http://www.irfanview.com/). The centerline of 
the ﬁfth image in each stack is then visualized using ImageJ 
(http://rsbweb.nih.gov/ij/) and points along the line are 
plotted into the input ﬁle. The quiescent center is also 
entered into the input ﬁle and used as the point of origin 
for velocity determination. The output plot of velocity 
versus position is a sigmoidal curve representing the three 
regions of meristematic development. The curve plateaus in 
the zone of maturation. In this region the root shows little 
longitudinal growth but begins to grow radially and root 
hairs and lateral roots appear. For the purposes of this study 
we focused on the maximum growth rate (the velocity of the 
quiescent center relative to the zone of maturation). 
3. Results and Discussion 
There was a signiﬁcant negative relationship between 
genome size and RMGR (Figure 1(a)). The trend was 
remarkably linear across all species. Phylogenetically inde­
pendent species pairs (Cosmos and Capsicum) with contrast­
ing genome sizes also showed the same trend: the species 
with the larger genome size had a signiﬁcantly slower root 
growth velocity (Table 1) and a longer elongation zone. 
The exponential (Fdf=6 = 97.32, P ≤ .0001, r2 = 0.94; 
Figure 1(a)) and linear (Fdf=6 = 36.64, P ≤ .001, and 
r2 = 0.86) models were both signiﬁcant; however, the 
exponential model was stronger. This result suggests that cell 
division rate has a larger eﬀect on root meristem growth rate 
than does variation in cell expansion rate. However, these 
two models (linear versus exponential) are not mutually 
exclusive. Decreased cell division rates and elongation rates 
may both be responsible for decreased RMGR in species 
with a large GS. If the linear model is correct, the RMGR 
of eudicots would approach zero at a GS of less than 10 bbp. 
But many eudicot species are known to have a GS larger than 
10 bbp (Figure 1(b)), further supporting the exponential 
model where changes in cell division rate are the primary 
driver of changes in RMGR. 
Continuous root growth is necessary for plants. Roots 
must expand into new areas as nutrients are depleted in the 
nearby soil [14]. As a root grows, it acidiﬁes the environment 
to facilitate the cotransport of nutrients into the root [15]. 
This acidiﬁcation also acts to trigger expansin activity in 
cell walls, which breaks cross bridges between cellulose 
microﬁbrils, leading to cell expansion [16]. Nutrients are 
absorbed primarily in this area of loosened cell walls in 
the elongation zone. Therefore, reduction in root growth 
rate may represent a signiﬁcant consequence of genome 
size expansion in plants. A slower RMGR could limit a 
species to nutrient-rich soils, acidic soils, or require it to 
ﬁnd an alternative means of nutrient absorption, such as 
parasitism [17] or mycorrhizal symbiosis [18]. Currently, 
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Figure 1: (a) The relationship between genome size (GS) reported 
in gigabasepairs, and root meristem growth rate (RMGR) for eight 
eudicot species with the best ﬁt exponential regression line. Error 
bars are the standard error of the mean for seven replicates for each 
species. (b) Frequency distribution of genome sizes for eudicots 
with the best ﬁt line from (a) overlaid. 
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